1, 2) Thus, it is important to select patients in whom treatment is likely to be effective in order to improve the results of chemotherapy. In vitro anticancer drug sensitivity tests, which we developed with this goal in mind, have already yielded favorable results.
Although numerous multidrug regimens have been developed for the treatment of gastric cancer, their efficacy rates have not exceeded approximately 50%. 1, 2) Thus, it is important to select patients in whom treatment is likely to be effective in order to improve the results of chemotherapy. In vitro anticancer drug sensitivity tests, which we developed with this goal in mind, have already yielded favorable results.
3) However, tests that involve cell culturing procedures are complicated by the need for special facilities, and there can be problems with failures attributable to low cell growth.
Standard regimens for gastric cancer involve some form of concomitant treatment that includes biomodulated 5-fluorouracil (5-FU) chemotherapy. 4, 5) The mechanism of action of 5-FU has been explained in terms of incorporation of fluorouridine 5′-triphosphate (FUTP) into RNA, resulting in altered gene expression, or in terms of inhibition of thymidylate synthase (TS) by the active metabolite 5-fluorouridine monophosphate (FdUMP). [6] [7] [8] Several reports have indicated that TS expression in the tumors was related to the sensitivity to 5-FU-based chemotherapy both in the laboratory and clinically. [9] [10] [11] [12] On the other hand, dihydropyrimidine dehydrogenase (DPD) which is both an initial and a rate-limiting catabolic enzyme of 5-FU has been reported to play an important role in the pharmacokinetics of 5-FU and was correlated with the antitumor effectiveness of 5-FU in cancer cell lines and tumors. 9, [13] [14] [15] [16] [17] [18] Recently, both basic and clinical researches have shown a correlation between the antitumor effectiveness of 5-FU and TS or DPD mRNA levels in tumors by using semiquantitative reverse-transcription polymerase chain reaction (RT-PCR). 11, 12, 16, [19] [20] [21] One of the major advantages of these methods is that they can be performed with ultralow-volume samples as compared with measurement of the enzyme activities and in vitro chemosensitivity tests.
A real-time RT-PCR method based on TaqMan fluorescence methodology requires fewer steps after PCR than conventional PCR methods, simplifying the procedures and making it possible to maintain quantification subsequent to PCR, while allowing a broad dynamic range of measurements. 22) Quantitative measurement of genes may aid in the interpretation of results obtained by conventional techniques. In the treatment of gastrointestinal carcinomas, a correlation has been reported between the quantitative measurement of TS or DPD mRNA and survival after chemotherapy including 5-FU, [23] [24] [25] but there have been no reports on correlations between the results of quantitative assay of TS and DPD mRNA expressions and 5-FU based chemotherapy in gastric cancer. The objective of the present study was to clarify the significance of TS and DPD mRNA levels in predicting sensitivity to 5-FU based on ultra-small samples and to investigate the possible utility of this system by examining its relation to in vitro anticancer drug sensitivity tests.
MATERIALS AND METHODS

Animals
Male BALB/cA nude mice (age 4 weeks; weight 18-20 g) were purchased from CLEA Japan, Co., Ltd. (Tokyo). The animals were housed under specificpathogen-free conditions with laminar flow racks. 3 . The tumors were harvested for further experiments. Tumor pieces were stored at −80°C pending measurement of TS and DPD levels.
A total of 85 fresh human gastric cancer tissue samples were obtained from tissue surgically resected from patients undergoing gastrectomy in our department between June 1998 and January 2002. Patient characteristics, determined according to the Japanese Classification of Gastric Carcinomas, are shown in Table I . 26) Specimens of approximately 10 mm 3 were immediately stored at −80°C pending real-time RT-PCR. When a relatively large volume of tissue samples had been obtained, they were processed for in vitro chemosensitivity testing.
All patients gave written informed consent to participate in the study. Experiments were carried out after approval by the local ethics committee. 3 , the tumor-bearing mice were randomly allocated to groups of five animals each, and 5-FU was administered intraperitoneally at a dose of 50 mg/kg, once every 4 days, repeated three times. The control group was injected with 0.9% NaCl solution. Tumor volume was measured every 2 days after drug administration. Relative tumor volume (RTV) was calculated as follows: (mean tumor volume during treatment)/ (mean tumor volume at the start of treatment). Antitumor effect (inhibition rate; IR%) was calculated as follows: IR%=(1−mean RTV of treatment group/mean RTV of untreated group)×100.
All animal experiments were carried out in accordance with the Guidelines for the Welfare of Animals in Experimental Neoplasia. 27) In vitro drug sensitivity testing of clinical samples of gastric cancer The sensitivity to 5-FU of clinical samples was determined by ATP assay using a serum-free culture developed in our department.
3) Briefly, tumor samples were enzymatically digested to obtain single-cell suspensions. A 20 µl volume of 5-FU at a final concentration of 50 µg/ml was added to cells, at a concentration of 2×10 4 / 180 µl, and the cultures were incubated in 5% CO 2 at 37°C for 72 h. Cell viability was determined by measuring intracellular ATP content by the bioluminescence method. Sensitivity to 5-FU (IR%) was calculated as follows: IR%=(1−average ATP level in treatment group/average Peritoneal metastasis
Hepatic metastasis
a) Clinicopathologic factors were determined according to Japanese Classification of Gastric Carcinima. 26) b) dif., differentiated type; undif., undifferentiated type.
ATP level in untreated control group)×100. When IR% was more than 50%, the sample was judged to be sensitive to 5-FU according to our criteria.
3)
TS binding assay Measurement of TS binding activity to FdUMP was based on the method of Ishikawa et al. 21, 28) with minor modifications. 18) Enzyme solution was obtained by homogenizing tumor tissues in 3 volumes of 0.2 M Tris-HCl (pH 8.0) containing 20 mM 2-mercaptoethanol and centrifuging at 10 500g for 60 min at 4°C. The supernatant obtained was incubated at 25°C for 3 h with 0.6 M NH 4 HCO 3 (pH 8.0), 0.1 M 2-mercaptoethanol, 0.1 M NaF, and 15 mM 5-CMP. The solution was incubated at 30°C for 20 min with [6- 3 H]FdUMP, 2 mM tetrahydrofolate, 16 mM ascorbate, 9 mM formaldehyde, 15 mM 5-CMP, 20 mM 2-mercaptoethanol, and 100 mM NaF and centrifuged at 2000g for 5 min. The supernatant was removed, and trichloroacetic acid was added to the pellet. The tritiated water formed during incubation was then assayed with a liquid scintillation counter. The samples to measure total TS content were prepared by fully dissociating the ternary complex present in the cytosol to unbound TS at pH 8.0 in the preincubation period. To determine the H]FdUMP binding sites as a measure of TS content, protein concentration was determined using a protein assay kit (Bio-Rad, Richmond, CA). TS content was expressed as pmol/mg of protein. DPD activity Measurement of DPD activity was based on the method of Takechi et al. 29) with minor modifications. 18) Briefly, enzyme solution was obtained from tumor tissue by homogenization in 3 volumes of 0.2 M potassium phosphate (pH 8.0) containing 1 mM 2-mercaptoethanol and 1 mM EDTA. The solution was then centrifuged at 10 500g for 60 min at 4°C, and the supernatant was collected. Enzyme solution (25 µl) was mixed with an equal volume of reaction mixture (2 mM dithiothreitol (DTT), 5 mM MgCl 2 , 20 µM [6-14 C]5-FU (56 Ci), 100 µM NADPH) and incubated at 37°C for 10 min or 30 min. After centrifugation, a 5-µl aliquot of the supernatant was applied to a thin-layer chromatography plate (silica gel 60 F254; Merck, Darmstadt, Germany). Plates were developed with a mixture of 99% ethanol and 1 M ammonium acetate (5:1, v/v). The densities of 5-FU and degradation products were calculated using an image analyzer (Bio-Rad). DPD activity is expressed as pmol/mg of protein/min. Real-time RT-PCR Total RNA was isolated by disruption of frozen sections in 1 ml of "TRIZOL" (GIBCO/ BRL, Cleveland, OH) according to a guanidinium isothiocyanate-phenol-chloroform-based method 30) and was purified according to the RNA clean-up protocol. The amount of total RNA was measured spectrophotometrically in terms of absorbance of aliquots at 260 nm.
A 1-µg sample of total RNA was incubated with 1 µl of "random hexamer" (Perkin Elmer Cetus, Branchburg, NJ) in 9 µl of solution for 10 min at 70°C and chilled at 4°C. Next, reverse transcription of total RNA was performed in a total volume of 20 µl containing 4 µl of "5× RT buffer" (GIBCO/BRL), 2 µl of 100 mM DTT, 4 µl of 2.5 mM dNTP, and 1 µl of "Superscript II RNase H reverse transcriptase" (GIBCO/BRL). The samples were incubated at 37°C for 10 min and 90°C for 60 min, and the cDNA synthesized was stored at −20°C until used.
All PCRs were performed by quantitative real-time methods using the "ABI PRISM 7700 Sequence Detection System" (Applied Biosystems, Foster City, CA). PCR was performed in a 50-µl reaction mixture containing 25 µl of "TaqMan Universal PCR Master Mix" (Perkin Elmer Biosystems, Foster City, CA), 200 nM of each primer, 5 nM probe, 5 µl of each cDNA sample or appropriately diluted cDNA plasmid sample, and ddH 2 O in 0.2 ml MicroAmp optical tubes (Perkin Elmer Cetus). Thermal cycling con- ditions comprised an initial denaturation step at 95°C for 10 min and 50 cycles at 95°C for 15 s and 60°C for 1 min.
To control for variation in the number of cells, mRNA was quantified in relation to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primers and probes for TS, DPD, and GAPDH were designed using "Primer Express" (Perkin Elmer Cetus) (Table II) . A standard curve was constructed with eight points representing 10-fold serial dilutions of each cDNA plasmid. The value of each point was equivalent to the value of each cDNA plasmid PCR product from 50 copies to 5×10 8 copies. The TS, DPD, and GAPDH cDNA plasmids were provided by Taiho Pharmaceutical Co., Ltd. (Saitama). The standard curves of TS, DPD and GAPDH are shown in Fig. 1 . Relationships between TS mRNA and between DPD mRNA levels are expressed as ratios of TS to GAPDH RT-PCR products and of DPD to GAPDH RT-PCR products, respectively.
Statistical analysis Statistical analysis was performed using "StatView V. 5.0 software" (SAS Institute, Inc., Cary, NC). The Spearman rank correlation coefficient was calculated to evaluate the correlation between the two variables. Statistical differences were evaluated between 2 groups using the Mann-Whitney test, and for 3 or more groups using the Kruskal-Wallis test. A P value less than 0.05 was considered to be statistically significant. Table III shows the sensitivity to 5-FU, and the TS and DPD levels of five human gastric cancer xenografts. The maximum IR% value was adopted as the antitumor effect value. MKN-74 showed the highest sensitivity to 5-FU, and GT-3TKB showed the lowest sensitivity. Fig. 1 . Linear relationship between threshold and logarithm of the starting copy number of TS (top), DPD (middle) and GAPDH (bottom) cDNA plasmid. TS, y= −3.534x+43.221 (r=0.999); DPD, y= −3.563x+ 45.308 (r=1.000); GAPDH, y= −3.289x+41.631 (r=0.955).
RESULTS
TS and DPD levels, sensitivity to 5-FU in human gastric cancer xenografts
TS content and DPD activity were detectable in all of the gastric cancer xenografts, and corresponding mRNA levels of both TS and DPD were also detected. MKN-74 showed the lowest values for TS and DPD mRNA levels; GT3TKB showed the highest TS mRNA level; and GCIY showed the highest DPD mRNA level.
Correlations between TS content and DPD activity and the mRNA levels are shown in Fig. 2 . A correlation was found between TS content and TS mRNA level (correlation coefficient 0.700; Fig. 2A) , and between DPD activity and DPD mRNA level (correlation coefficient 0.900; Fig. 2B ).
Correlations between sensitivity to 5-FU and mRNA levels of TS and DPD are shown in Fig. 3 . Sensitivity to 5-FU was inversely correlated with both TS and DPD mRNA levels (correlation coefficients: −0.900 and −0.800, respectively; Fig. 3, A and B) . Sensitivity to 5-FU and mRNA levels of TS and DPD in clinical samples In the 85 surgical samples, the TS mRNA level ranged from 0.001 to 3.500, with a mean of 0.226±0.496 and a median of 0.064, while the DPD mRNA expression levels ranged from 0.001 to 8.519, with a mean of 0.803±1.726 and a median of 0.134. Several clinicopathological factors were compared with the mRNA levels of both TS and DPD. There was no correlation between the clinicopathological factors and these mRNA levels (Table IV) .
Of the 85 samples, in vitro ATP assay was applied to 71 (83.5%) samples, and 58 (81.6%) of the 71 samples were considered to be available for evaluation of drug response. The correlations between mRNA level and sensitivity to 5-FU were calculated (Fig. 4) . Tumors with high TS or DPD mRNA level tended to show relatively high resistance to 5-FU, and there were significant inverse correlations between sensitivity to 5-FU and TS and DPD mRNA levels (correlation coefficient −0.481 and −0.458, respectively; Fig. 4, A and B) . According to our criteria, 28 samples (48.2%) were judged as sensitive to 5-FU.
3) Correlations between sensitivity to 5-FU and distributions of TS and DPD mRNA levels indicated that all tumors sensitive to 5-FU showed both TS and DPD mRNA levels in the low range, while most 5-FU-resistant tumors showed high levels of either TS or DPD mRNA (Fig. 5) . When the cut-off level was set at the mean value for each mRNA level, 5-FU sensitivity could be predicted from the mRNA levels with a sensitivity of 100% (28/28), a specificity of 73.3% (22/30) , and an overall predictive accuracy of 86.2% (50/58).
DISCUSSION
We performed quantitative assay of mRNA expression for tumor TS and DPD to assess the feasibility of using their levels to predict the therapeutic effectiveness of 5-FU in gastric cancer. The results of this study in nude mouse xenografts of human gastric cancer cell lines showed close correlations between TS mRNA level and TS content, and between DPD mRNA levels and DPD activity. Ishikawa and colleagues 16) used the semiquantitative RT-PCR method and also reported good correlations between enzyme activity and TS and DPD mRNA level, and our results support their findings. The TS content and DPD activity within the tumor were well predicted by the respective mRNA levels, indicating the feasibility of using mRNA measurements to predict the activity of the corresponding enzyme protein. The mRNA level was also correlated closely with sensitivity to 5-FU. Although these experiments were performed in human gastric cancer xenografts, the results suggested that sensitivity to 5-FU in humans might also be predictable on the basis of TS and DPD mRNA level. This basic research showed the importance of measurements of both targeting and degradative enzymes to predict sensitivity to 5-FU, and these results led us to investigate the correlation between TS and DPD mRNA levels and sensitivity to 5-FU in clinical samples. Real-time RT-PCR provides a wide dynamic range for measurement of TS and DPD mRNA expression in comparison with semiquantitaitve RT-PCR measurement. 28) These findings indicate that real-time RT-PCR provides greater measurement sensitivity than conventional methods and confirms that quantitative measurement can be performed by this method across a broad activity range.
Our assessment of the relation between the sensitivity to 5-FU and mRNA levels of both enzymes in the clinical samples revealed a significant inverse correlation between both the TS and DPD mRNA levels and sensitivity to 5-FU, although the correlation coefficients were lower for the clinical samples than in our basic research.
Several investigators have reported that high intratumoral DPD level is associated with low antitumor activity of 5-FU due to increased 5-FU inactivation. 9, [15] [16] [17] 20) The role of TS in sensitivity to 5-FU, however, is still controversial. TS protein or gene expression has been reported to be strongly associated with response to 5-FU treatment and patient survival after chemotherapy, 11, 12, 20, 31, 32) but the correlation between sensitivity to 5-FU and TS activity has been reported to be relatively poor in panels of human tumor cell lines, 9, 10) and the absence of any correlation between TS activity and sensitivity to 5-FU has been documented in several recent reports. 16, 18, 33) The inconsistent results concerning the association between TS expression and response to 5-FU may in part be attributable to the different measurement procedures. The role of TS in sensitivity to 5-FU may be more accurately demonstrated by real-time RT-PCR than by enzyme activity, because it provides a very broad dynamic range. Our results on clinical samples support the idea that TS mRNA expression levels are associated with response to 5-FU treatment and patient survival after 5-FU-based chemotherapy.
We also undertook a study of the correlations between sensitivity to 5-FU and TS and DPD mRNA levels in order to investigate the feasibility of predicting sensitivity to 5-FU on the basis of combined mRNA expression. Only tumors showing low mRNA level for both TS and DPD were sensitive to 5-FU. Almost all tumors with high levels of at least one of these forms of mRNA showed resistance to 5-FU. We investigated sensitivity to 5-FU in this study by using the mean value as our cut-off level for each form of mRNA level, and the results showed a high overall predictive accuracy of approximately 86%. Based on these results, we concluded that sensitivity could be assessed more accurately on the basis of a combination of TS and DPD mRNA levels than on the basis of TS or DPD alone.
In conclusion, we found inverse correlations between sensitivity to 5-FU and TS and DPD mRNA levels, and concluded that quantitative measurement of both could be used to predict the therapeutic effectiveness of 5-FU in gastric cancer. We also found that real-time RT-PCR allows highly sensitive assessment of TS and DPD mRNA levels, quickly and easily, in ultra-low-volume samples, and it could prove extremely useful in a clinical setting. Even in cancers judged to be resistant to 5-FU, gene expression can provide clues to the mechanism of drug resistance, and this may be useful in applications such as the utilization of DPD inhibitors to control high levels of DPD expression. 14) We believe that this approach will find broad application in the selection of chemotherapy agents for the treatment of non-resectable cancers and for preoperative cytoreduction. sensitive to 5-FU, resistant to 5-FU.
